Abstract The moment magnitude M 7.8 earthquake in 1906 profoundly changed the rate of seismic activity over much of northern California. The low rate of seismic activity in the San Francisco Bay region (SFBR) since 1906, relative to that of the preceding 55 yr, is often explained as a stress-shadow effect of the 1906 earthquake. However, existing elastic and visco-elastic models of stress change fail to fully account for the duration of the lowered rate of earthquake activity. We use variations in the rate of earthquakes as a basis for a simple empirical model for estimating the probability of M Ն6.7 earthquakes in the SFBR. The model preserves the relative magnitude distribution of sources predicted by the Working Group on California Earthquake Probabilities' (WGCEP, 1999; WGCEP, 2002) model of characterized ruptures on SFBR faults and is consistent with the occurrence of the four M Ն6.7 earthquakes in the region since 1838. When the empirical model is extrapolated 30 yr forward from 2002, it gives a probability of 0.42 for one or more M Ն6.7 in the SFBR. This result is lower than the probability of 0.5 estimated by WGCEP (1988), lower than the 30-yr Poisson probability of 0.60 obtained by WGCEP (1999) and WGCEP (2002), and lower than the 30-yr time-dependent probabilities of 0.67, 0.70, and 0.63 obtained by WGCEP (1990), WGCEP (1999), and WGCEP (2002), respectively, for the occurrence of one or more large earthquakes. This lower probability is consistent with the lack of adequate accounting for the 1906 stress-shadow in these earlier reports. The empirical model represents one possible approach toward accounting for the stress-shadow effect of the 1906 earthquake. However, the discrepancy between our result and those obtained with other modeling methods underscores the fact that the physics controlling the timing of earthquakes is not well understood. Hence, we advise against using the empirical model alone (or any other single probability model) for estimating the earthquake hazard and endorse the use of all credible earthquake probability models for the region, including the empirical model, with appropriate weighting, as was done in WGCEP (2002).
Introduction
The U.S. Geological Survey has estimated the probability of occurrence of large earthquakes in the San Francisco Bay Region (SFBR) in a series of Working Group studies (WGCEP, 1988; WGCEP, 1990; WGCEP, 1999; WGCEP, 2002) (Fig. 1) . Hereafter, we refer to these studies as WG88, WG90, WG99, and WG02, respectively. These probability estimates have provided policy and decision-makers with a rational framework for assessing earthquake hazard and mitigating earthquake risk in the region. At the heart of the probability studies are statistical models of earthquake occurrence on the region's major faults that are based on geologic and geodetic data, the historical seismic record, and the current understanding of the physical processes that cause earthquakes.
The Working Group studies reveal an evolution in both the methods and the quantity and quality of data used in earthquake probability modeling. On the data side, the evolution includes an increase in the number of fault segments in the SFBR that have been trenched to estimate long-term slip rates and the dates of large pre-1850 events (WG02); improved knowledge of deformation in the SFBR, in part derived from advances in Global Positioning System measurements (Prescott et al., 2001) ; increased information on historical seismicity (Bakun, 1999) ; an association of earthquakes with faults in the SFBR (Wesson et al., 2002) ; and a new understanding of the 1836 event (Toppozada and Borchardt, 1998 ) and of the 1868 event (Yu and Segall, 1996) . On the physics side, the evolution involves increasingly (1999) and WGCEP (2002) and considered in this article. The SFBR is the area enclosed by dashed lines.
complex fault models that allow multi-segment ruptures and include the effect of aseismic slip (creep) and probability models that attempt to take account of the interactions between faults. The present state of fault-interaction modeling in the SFBR-especially as it pertains to the 1906 earthquake-is the primary concern of this article.
The occurrence of an earthquake redistributes stress throughout the region, which in turn can affect the rates and probabilities of subsequent earthquakes on nearby faults (Reasenberg and Simpson, 1992; Stein et al., 1997; Toda et al., 1998; Harris and Simpson, 1998) . In the most general terms, such stress effects increase with the size of the earthquake and diminish with distance and time. Stress changes produced by the largest earthquake in the SFBR's historical record-the 1906 San Francisco earthquake-are thought to have caused the precipitous drop in earthquake activity in the region (Sykes and Nishenko, 1984; Jaumé and Sykes, 1996) and may still be present today (Fig. 2) . WG88 did not consider the effect of stress changes produced by the 1906 earthquake, but time-dependent models for earthquake probability can take such effects into account in a variety of ways. WG90 estimated the change in loading stress on segments of the San Andreas fault caused by slip in the 1989 Loma Prieta earthquake, but did not consider the changes caused by slip in 1906. WG99 and WG02 were the first studies to consider and quantify the effects of the 1906 earthquake on earthquake probabilities in the SFBR. These studies used elastic-halfspace dislocation calculations of the stress changes and considered the potential effects of visco-elastic and rate-state-friction models as well. As expected, these approaches led to lower regional probabilities than were obtained when the effects of the 1906 earthquake were ignored. In this article, however, we argue that a probability model (such as those used by WG99 and WG02) that does not sufficiently explain the post-1906 regional quiescence may also overestimate the likelihood for earthquakes in the next 30 yr.
We propose an alternative modeling approach for estimating the regional effects of the 1906 earthquake that relies on historical earthquake activity in the SFBR. Specifically, we consider the activity to result from the interactions of a system of sub-parallel faults subjected to steady tectonic loading punctuated by stress changes (due to earthquakes) that occur over a range of length and time scales. Such a system will tend to be inertial in its production of earthquakes. That is, on a regional scale, the rate of earthquakes will tend to change slowly when stressing rates are low (during periods of primarily tectonic loading) and increase or decrease rapidly when the regional stressing rate is large and sudden, as happens in a large or great earthquake. We suggest that sudden and long-lived regional quiescence in the SFBR after the 1906 earthquake and the 10-to 15-yr periods of quiescence after the 1838, 1868, and 1989 earthquakes (Sykes and Jaumé, 1990; Toppozada et al., 2001 ) are examples of such behavior. A corollary of this model is that the seismicity in the near future of such a system will (in the absence of a major stress-changing event) be similar to that of the recent past. In other words, we propose to use the character of the recent earthquake activity as a proxy for the time dependence of the physical processes governing fault interactions. When we apply this approach to the SFBR, where earthquake activity has been low for nearly a century, we obtain a lower estimate of the regional probability for large earthquakes than obtained by WG02 and other Working Groups. However, we advise against using the empirical model alone (or any other single probability model) for estimating the earthquake hazard in the region. Until the physics involved in earthquake occurrence in the SFBR is better understood, a prudent basis for estimating the earthquake hazard in the SFBR should combine the results of all credible earthquake probability models for the region (including the empirical model), with appropriate weighting, as was done in WG02.
The WG99 and WG02 Models WG99 and WG02 set out to estimate the probability of one or more M Ն6.7 earthquakes in the SFBR in the 30-yr time interval 2002-2031-not only for the region as a whole (Bakun, 1999) . (b) Various estimates of annual rate of earthquakes (M Ն 6.7) in SFBR from 1850 to present: estimate based on a 15-yr sliding window over Bakun's (1999) but also on a fault-by-fault (and fault segment-by-fault segment) basis-by constructing a regional model composed of seven characterized faults (each consisting of defined segments that can rupture alone or in combination) and a background that includes all other sources of earthquakes in the region.
Long-term average rates of earthquakes of a variety of sizes were built from segment-by-segment and fault-by-fault behavior and summed across the SFBR to provide, in the end, regional rates of M Ն6.7 earthquakes and their size distribution. Because the WG99 and WG02 long-term models are based mainly on geological data, the historical and instrumental records of earthquakes in the SFBR can provide independent checks. (Because the WG99 and WG02 longterm models differ in only minor ways, we will refer hereafter only to the WG02 model.) Although this period of time is just a fraction of one regional earthquake cycle, as defined by the mean time interval between repeating, 1906-size earthquakes, the model's average rate of M 6.7 and larger events and b-value of 0.9 are consistent with the historical and instrumental records (Bakun, 1999) .
Average rates of occurrence and their corresponding Poisson probabilities for M Ն6.7 earthquakes in the SFBR, however, are not the primary focus of the Working Group studies. Rather, the Working Groups have focused on the probability of large earthquakes on individual faults during specified contemporary intervals. From both theoretical considerations and empirical observations of the rate of seismicity before and after the 1906 earthquake, it is generally accepted that the seismicity rate in the SFBR varies throughout a cycle of perhaps 250-500 yr (the average recurrence time for a 1906-type rupture), perhaps spending little if any time near its long-term average rate (Tocher, 1959; Ellsworth et al., 1981; Jaumé and Sykes, 1996) .
Superimposed on the 250-500 yr regional cycle are shorter periods of accelerated seismic activity observed before the 1868 and 1989 earthquakes and quiescence after them (Sykes and Nishenko, 1984; Sykes and Jaumé, 1990; Jaumé and Sykes, 1996; Toppozada et al., 2001) . The cyclic variations in seismicity illustrate the need-and provide a basis-for time-dependent probability models.
The usual approach to modeling time-dependent earthquake probability on a fault segment compares a distribution of recurrence times and the time since the last earthquake. For example, because it has been only 96 yr since the 1906 earthquake, which repeats every 250-500 yr, the probability in a recurrence model of a repeat of the 1906 earthquake during the next 30 yr is judged to be 0.17, lower than the long-term average probability of 0.20 (WG02).
WG02 used a Brownian Passage Time (BPT) model (Ellsworth et al., 1999; Matthews et al., 2002) to represent earthquake recurrence on their characterized faults. The BPT model is a statistical representation of the classic loading/ release cycle for earthquakes (Lawson, 1908) , which is widely believed to underlie the brittle failure behavior of all fault systems. In the BPT model, fault loading is the sum of a constant-rate loading process and random (Brownian) fluctuations. The distribution of recurrence times in the BPT model is similar to a lognormal distribution. Here, we compare the details of those models with our empirical model.
The 1906 Stress-Shadow and the WG02 Model WG02 considered the effects of stress interactionshow the displacement in an earthquake on one fault segment may affect the likelihood of failure on adjoining or nearby fault segments. Of particular concern is the length of the stress-shadow cast by the 1906 earthquake. The fulcrum of this concern is whether or not the SFBR has now fully emerged from the 1906 stress-shadow, emerged on parts of the region (including the background) but not others, or remains fully under its influence. Several studies bear on this question. Sykes and Nishenko (1984) argued, based on increased activity east and southeast of San Francisco, that this part of region was emerging from the stressshadow. Bakun (1999) noted that the seismic moment rate in the decades before 1906 was 10 times that in the decades after 1906, but that the moment rate since 1977 has been comparable to the pre-1906 rate.
The WG02 long-term regional model rate of 0.031 M Ն6.7 (95% confidence range, 0.024-0.041) yr ‫1מ‬ is consistent with the (admittedly brief) historical record. The occurrence of four earthquakes since 1838 allows us to reject, with 95% confidence, regional rates lower than 0.008 or greater than 0.047 (Fig. 2) . However, the 84-yr-long (M Ն6.7) quiescence from 1906 to 1989 is probably not consistent with the recurrence probability model (including stress interactions) considered by WG99 and WG02. This model (BPTstep) includes Coulomb stress changes calculated for elasticplate dislocation models of the 1906 and 1989 earthquakes. In the model, the regional drop in the 30-yr conditional probability (from 0.70 to 0.44) in 1906 reflects both the 1906 interaction effects (on other faults) and the "direct" relaxation of the San Andreas fault due to the slip on it in 1906 (Fig. 2b) . By approximately 1990, the model's regional probability has returned to its 1850-1900 average level. The probabilities calculated for the time since 1906 are too high to be consistent at the 90% confidence level with the 84-yrlong quiescence from 1906 to 1989.
A reliance on elastic-plate calculations for estimating the Coulomb stress changes in the BPT-step model may have lead to the underestimation of the 1906 stress-shadow. Realizing this, WG02 considered applying the potential effects of visco-elastic and rate-state-friction calculations in modeling the 1906 stress change (Kenner and Segall, 1999; Parsons, 2002) . However, these models were not used and they also fell short of explaining the duration of the post-1906 quiescence (WG02). Hence, in the absence of an adequate physical model for representing the stress effects of the 1906 earthquake, we seek a surrogate, empirical model.
Empirical Model
In this section we describe an approach to modeling the 1906 stress effects that uses the time variation of the historical regional seismicity rate as a proxy for the timedependent physical interactions between faults. We explore this approach by examining in detail its application to the SFBR, in conjunction with the long-term (WG02) fault model.
We noted in the previous section that the time dependence in the BPT model derives from the assumed quasiregular, quasi-identical ruptures of a suite of specified fault segments and combinations of segments. These renewal models require (at least bounding) knowledge of the times of last ruptures, an estimate of the mean recurrence times of segment ruptures, and an estimate of the intrinsic aperiodicity of the recurrence process. Simpler probability models make fewer assumptions and require fewer data to constrain them, but they provide correspondingly fewer details about the time-dependent probability on individual fault segments. The simplest probability model is the Poisson model. With no assumptions made about the timing of each segment rupture other than its mean long-term rate, the Poisson probability is time independent.
Slightly more complex than the Poisson is the timevarying (or nonstationary) Poisson model (Ross, 1983, Matthews and Reasenberg, 1988 ), which we use here. Like the Poisson model, the time-varying Poisson model allows us to avoid explicitly specifying the timing of the recurrence of individual fault segments or ruptures, yet still allows the rate in the region to vary with time. We specify the model by defining a function, f(t), with mean value 1.0, that modulates (multiplies) the long-term regional mean rate. This model assumes that there is some spatial coherence (fault to fault) in the earthquake activity, but says nothing about whether this coherence is due to stress interactions, time-varying driving forces, or anything else. Our model describes only the time dependence; the relative magnitude distributions of the rupture sources, which are defined in the long-term fault model (WG99, WG02), are time-independent.
We define f(t) as the ratio of the time-varying regional rate at time t to the WG99 long-term regional rate (M Ն6.7) of 0.031 yr ‫1מ‬ . For probability estimates for the coming 30 yrs, we extrapolate f(t) to the period 2002-2031 using a variety of models. We use the mean of these extrapolated values of f(t) as a multiplicative factor, which is applied to the long-term rate for the region, the individual, characterized fault systems, and the background. Thus, for each fault, the background, and the region as a whole, WG02's relative contributions of the characterized ruptures and the smaller, uncharacterized earthquakes are preserved; the rate density at all magnitudes varies with f(t), as shown in Figure 3 .
In calculating f(t) for the historical period, we estimate 1986, 1984, and 1979-1980 correspond to Mt. Lewis (M 5.6), Morgan Hill (M 6.2) and Coyote Lake (M 5.7) and Livermore (M 5.8) aftershock sequences, respectively. Declustering the catalog (broken line) effectively removes these aftershock sequences. Even with aftershock sequences removed, an up-trend in regional rate is apparent starting in the 1970s. Rate (declustered) after 1989 is below the mean declustered rate (horizontal line), suggesting a post-Loma Prieta quiescence (Toppozada et al., 2001) .
the changes in regional rate of M Ն6.7 over time using the occurrence of smaller earthquakes and a Gutenberg-Richter (G-R) scaling relation with b ‫ס‬ 0.9 (Bakun, 1999) . Our use of a G-R model is limited to this step alone, where we calculate the ratio of the regional M Ն6.7 rate, as a function of time, to its long-term mean. Specifically, we are not assuming that the rate of larger earthquakes on a fault is defined by the regional G-R relation, or by a fault-specific G-R relation. Rather, we assume that the M Ն6.7 rate on a fault is equal to the modeled long-term rate on that fault (which in general may have a complex magnitude distribution, as dictated by its particular rupture model) multiplied by f(t).
Estimation of f(t) for the Nineteenth and Twentieth Centuries
We use two earthquake catalogs to estimate f(t) for the historical period. The catalog of M Ն5.5 earthquakes in SFBR since 1850 (Bakun, 1999) provides uniform coverage in the region complete to M 5.5 over an interval that spans the 1906 earthquake (Fig. 2a) . This catalog is useful for characterizing the seismic quiescence following the 1906 earthquake, or rate increase preceding it, or both. We also use the Council of the National Seismic System (CNSS, 2000) catalog of M Ն3.0 earthquakes in the SFBR since 1942 (Fig.  4) , the year when the University of California began listing magnitudes (but not moment magnitude) for all located events in the region. While this catalog cannot capture the full effect of a 1906 stress-shadow, it serves as a check on the contemporary rate of earthquake activity estimated with the Bakun (1999) catalog and provides an estimate of the most recent rates.
We estimate the time-varying regional rate of the M Ն5.5 earthquakes in Bakun's (1999) catalog using a sliding averaging window. A small window width h nearly reproduces the raw data, while a large window width provides a smoothed estimate of the rate. Matthews and Reasenberg (1988) explored the effects of under-and over-smoothing seismicity data in the search of its underlying rate. While they chose an automatic method for selecting h, known as least-squares cross validation, they noted that "there is no way to escape completely the subjectivity involved in selection of the bandwidth parameter." Figure 5 shows the Bakun (1999) catalog smoothed with sliding windows of width h ‫ס‬ 5, 15, and 50 yr. While these estimates of f(t) vary in their details, they all show a regional rate of M Ն5.5 earthquakes in the past 50 yr below its average for most of the past 150 yr. Of course, with the 5-year window, the average rate is now zero, since the last M Ն5. these contemporary (15-and 50-yr) average rate estimates, while perhaps fortuitous, suggests to us that the estimates are not very sensitive to the choice of smoothing window width. We use the 15-yr average in the following analysis and in Figures 2b and 6. The annual rate of M Ն6.7 earthquakes in the SFBR from 1850-2000 (estimated from the M Ն5.5 population with b ‫ס‬ 0.9) is 0.030 yr ‫1מ‬ or 97% of the geologically based estimate. Considering that the observation period is less than one cycle for the region, this agreement may be fortuitous. Our estimates of f(t) based on M Ն3.0 and M Ն5.5 data are in good agreement (Fig. 6) , suggesting that 0.9 is the appropriate b-value.
Extrapolating f(t) into the Twenty-first Century
To extrapolate f(t) to the period 2002-2031, we employed a variety of models selected to span the range of plausible possibilities. Since the 30-yr period of interest is short compared with both the length of the earthquake cycle as defined by 1906-type earthquakes and the duration of the putative stress-shadow, the extrapolated rate is not particularly sensitive to the choice of extrapolation method used. The first six models are based on earthquake rates in the SFBR since 1906 (Table 1, Fig. 6 ). In model A, the extrapolated rate in 2002-2031 is based on the mean rate of earthquakes (M Ն3.0) in the CNSS (2000) catalog between 1942 and 1998, the longest period for which that catalog is complete at this magnitude level. Model B uses the corresponding mean rate between 1984 and 1998, the contemporary period with the highest rate. Models C and D are based on the mean rates of M Ն5.5 events in the periods 1906-2000 and 1979-2000, respectively . Again, these are, respectively, the longest and highest-rate contemporary periods since 1906. Models E and F are based on least-squares fits to the average rates in the CNSS catalog (M Ն3.0) in approximately 10-yr-long bins in the intervals 1942-2000 and 1970-2000, respectively .
The concept of a regional seismic cycle for the SFBR, as suggested by Mogi (1981) and Ellsworth et al. (1981) underlies models G through J. The hypothesized cycle is controlled by the occurrence of 1906-size ruptures and marked by a period of quiescence after, and increased activity before, the cycle-controlling earthquake. Based on the regional seismicity, regional cycles for the SFBR have been considered by Tocher (1959) , Bufe and Varnes (1993) , Jaumé and Sykes (1996) . Such models seem credible in view of a growing body of observations suggesting the stress changeinduced suppression of earthquake activity elsewhere in California. With the use of elastic models of stress change, Harris and Simpson (1996) suggested that the great 1857 Fort Tejon earthquake may have suppressed or delayed earthquake activity by at least 50 yr on faults in southern California that were relaxed by that earthquake. Simpson and Reasenberg (1994) estimated that the relaxation of stress on some faults in the SFBR persisted for nearly 50 yr after the 1906 earthquake. Reasenberg and Simpson (1997) observed a decrease in earthquake activity on the Hayward fault consistent with modeled stress changes produced by the Loma Prieta earthquake. Bakun (2000) showed that the rate of M Ն7.0 earthquakes along the north coast of California, near the northwest end of the 1906 rupture, decreased after 1906.
Inspection of the earthquake activity in the SFBR (Fig.  2a) suggests a post-1906 quiescence, or a pre-1906 buildup, or both. We assume that the drop in regional activity after 1906 was an effect of the 1906 earthquake (presumably a stress-shadow effect) and allow that this effect may still be present to some extent in the region. We assume that the regional cycle repeats and the region will eventually fully emerge from the stress-shadow and return to pre-1906 levels of activity before the next 1906-type earthquake. Against this backdrop of a region-wide seismicity cycle associated with 1906-size events, the occurrence of M ϳ7 earthquakes within the region adds spatial and temporal heterogeneity to earthquake activity in the region that is not specifically accounted for in our model.
Following Bakun (1999) , we represent the seismic cycle in the SFBR for a 1906-type earthquake by hypothesizing a repeat of the pre-1906 earthquake activity during the 55 yr before the next such event (Fig. 6) . For the occurrence time of this future event, we use 250 or 450 yr after 1906, estimates consistent with Bakun's (1999) and WG02's modeled mean recurrence time, respectively. Bakun (1999) used this technique to estimate a range for the seismic moment deficit to be released in future earthquakes before the next 1906- Figure 6 . Comparison of estimates of regional rate of M Ն 6.7 earthquakes (left axis) and corresponding 30-yr probabilities (right axis). Black lines show empirical models A to J over the next 400 yr, based on extrapolations of historical data (models A to F) and on four possible realizations of a regional seismic cycle model that are consistent with observed earthquake activity in the SFBR (models G to J). The hypothetical cycle has mean recurrence times of 250 and 450 yr. The 1906 earthquake and its postulated successor are indicated with thin (solid and dashed) black lines representing the regional rate (M Ն 6.7) for their (assumed generic) aftershock sequences (Reasenberg and Jones, 1989, 1994) . For these cycles, the average rate observed in 1850-1905 is assumed to repeat in the 55-yr intervals ending in 2156 and 2351, respectively (solid red horizontal lines). Smoothed estimated rate inferred from M Ն 5.5 earthquakes using a 15-yr sliding window is shown with solid red line. Estimates of regional rate based on M Ն 3. size event. Here, we use the technique to define additional models for estimating f(t) in the next 30 yr. We begin with the contemporary regional rate and hypothesize that the future rate will vary smoothly, ultimately increasing to the pre-1906 rate time-shifted 250 or 450 yr forward. In essence, we are proposing possible scenarios for the shape of f(t) in Mogi's (1981) stages I and II. For models G and H we assume a linear rate increase passing through the contemporary rate (1970-2000 mean) and the assumed pre-2156 and pre-2356 average rates, re-spectively (Fig. 6) . Models I and J assume an exponential rate increase, with a characteristic time constant arbitrarily chosen to be 50 yr, connecting the contemporary rate to the pre-2156 and pre-2356 rate. For each of these models, we use the extrapolated or modeled mean rate between 2002 and 2031 to estimate earthquake probability in that time interval. The means of f(t) over the interval 2002-2031 for these scenarios are summarized in Table 1 . The extrapolated regional annual rates (M Ն6.7) in our 10 models range from 0.011 to 0.027 and average 0.018, about midway between the current annual rate of 0.012 and the WG02 modeled long-term mean rate of 0.031. The 30-yr probability corresponding to an annual rate of 0.018 is 0.42 and the mean value of f(t) in this time period is ‫ס‬ 0.58. f(t) Models G-J each describe a complete seismic cycle, for which the mean seismic moment rate can be calculated. In constructing these models, we arbitrarily chose the mean recurrence time and shape of the f(t) over the cycle. The shape of f(t) may be further constrained by requiring that its mean over one cycle equal 1.0. Such a constraint was not applied in these hypothetical models; the means of models G-J range from 0.74 to 1.15 (Table 1) .
Deaggregating Probability onto SFBR Faults
If we wanted to estimate only the regional rate of earthquakes in the next 30 yr, we would stop here and conclude that the regional rate will be slightly higher than the rate of the past 30 yr. However, we can extend the regional empirical model to one that deaggregates the rates (and 30-yr probabilities) onto the faults in the SFBR by assuming that seismicity in the region is correlated. A regional correlation in activity might be produced by regional stress changes produced by the 1906 earthquake or by other changes in regional stress not associated with a SFBR earthquake. For estimating the conditional probabilities in 2002-2031, we assume that a major factor causing the twentieth century quiescence is the stress change produced by the 1906 earthquake and that the effect of this stress change is similar on all of the characterized faults in the region, including the San Andreas fault, and on faults of arbitrary orientation in the background. We assume, however, that the physics underlying the post-1906 quiescence on the San Andreas fault is not based on a stress-shadow effect; rather, that it is based on the release of strain by slip in the 1906 earthquake, in accordance with the model of Reid (1910) . We ignore rate changes associated with shocks within subregions similar in size to those associated with the 1868 or 1989 earthquakes, except insofar as they contribute to the regional activity. A more detailed model that incorporates the effects on activity associated with smaller earthquakes in the region (or other possible causes) is beyond the scope of this study.
The simplest de-aggregation model assumes that f(t) describes the time variations in rate on each fault and in the background, as illustrated in Figure 3 . That is, each fault and the background experience the same proportionate rate fluctuations about its mean as the region does about its mean.
To test this assumption, we compare the rate (based on the inferred a-value) on each fault and in the background in two time periods (1850-1905 and 1951-1998) with the corresponding long-term rate estimated in WG02. Although this test provides little temporal resolution, it is well suited for our purpose because it is sensitive to changes spanning 1906. Wesson et al. (2002) estimated the probability that the instrumental M Ն3.0 earthquakes, 1951-1998, and the historical M Ն5.5 earthquakes, 1850-2001, were associated with each of the seven characterized faults and the background, as defined in WG02. We use these associations and remove aftershocks using a "declustering" algorithm (Reasenberg, 1985) . We decluster the catalog in order to reduce the considerable effect the aftershocks of the 1979 Coyote Lake, 1984 Morgan Hill, and 1989 Loma Prieta earthquakes on the distributions. We construct G-R magnitudefrequency distributions of independent events for each fault and for the background. First, we obtain for each fault and for the background the least-squares best fit to a G-R distribution for the instrumental M Ն3.0 earthquakes, 1951-1998 (Table 2) . (The magnitude range for the fit varies, depending on the data available on each fault and in the background.) Next, we obtain the a-value for each fault and the background using the least-squares best fit for the M Ն5.5 1850-1905 catalog. We assume that b on each fault does not vary with time and has the value estimated for the 1951-1998 catalog. With b thus fixed, we treat a as the free parameter and compare the modeled rates on each fault before and after 1906.
For the San Andreas, Hayward-Rodgers Creek, and Calaveras faults and the background, the G-R models thus determined are detailed in Table 2 and shown as solid and dotted black lines in Figure 7 , along with the cumulative magnitude distributions on which the models are based. (These distributions for the faults and the background incorporate the Wesson et al. [2002] associations.) Suppression of activity after 1906 relative to the period before 1906 is apparent in the vertical offsets in the G-R models. The assumption of G-R behavior for M Յ6 appears to be supported by these data where sufficient earthquakes have occurred (the San Andreas and Calaveras faults, the background, and the region). Wesson et al. (2002) associated fewer earthquakes with the Hayward-Rodgers Creek fault for M Ն4.3 than expected for the G-R model. However, the number of M Ն4.3 events expected since 1950 is only 3.4, a rather small number with concomitant high uncertainty. Activity in 1951-1998 on the Calaveras fault exceeds the G-R model for M Ն5.8, reflecting the moderate earthquakes that have occurred there since 1979 (e.g., the 1979 Coyote Lake and 1984 Morgan Hill earthquakes).
We quantify the comparison in activity in the pre-1906 and post-1951 periods by comparing, for each period, the modeled rate of M Ն6.7 earthquakes on individual faults and in the background to the corresponding long-term rate estimated by WG02.
To do this, we extend the definition of f(t) to character- ize the rates of earthquakes on individual characterized faults and the background, relative to their respective long-term means. That is, for each fault, the background, and the region (denoted by k) we define and as the pre-1906 post-1951 mean rate of M Ն6.7 earthquakes in 1850-1905 and 1951-1998 , respectively, divided by the corresponding long-term rate for that fault, the background, or the region estimated by WG02 (see Table 2 , Fig. 8 ). To compare models based on catalogs spanning different magnitude ranges, we assume that a single G-R relation for each fault accurately describes the seismicity over the magnitude range 3.0 Յ M Յ ϳ6.
The 1951-1998 data are consistent with this assumption on the San Andreas and Calaveras faults, in the background, and the region (Fig. 7) . Earthquake rates observed before 1906 are almost everywhere above the respective long-term mean levels (Fig.  8) . In the region, the mean rate in the pre-1906 period is 2.2 times the long-term mean ( ‫ס‬ 2.2). The values of Region f(t) pre-1906 for the individual faults and the region range from k f(t) pre-1906 1.1 (Hayward) to 6.0 (Calaveras). In the background, ‫ס‬ 4.3. Overall, there is considerable uniformity Background f(t) pre-1906 in among the faults (Fig. 8) . This uniformity may k f(t) pre-1906 be, in part, an artifact of the relatively large location errors associated with these events and the resulting blurring of the association matrix found by Wesson et al. (2002) .
In contrast, are more varied and generally k f(t) post-1951 below the respective long-term average levels (i.e., Ͻ1), especially on the San Andreas and Hayward-Rodgers Creek and Concord-Green Valley faults. A notable exception is the Calaveras fault, where the rate in 1951-1998 is slightly above its long-term rate ( ‫ס‬ 1.2). The rate in the 1951-1998 and 1971-1998 equal the long-term rate, while the first half of the twentieth century saw a quiescence in the background and suggest that in the background, which includes thrust sources as well as strike-slip faults (both sets with diverse orientations), the post-1906 quiescence may have ended in the 1950s.
While the levels of activity relative to the respective long-term levels on the three most active faults (San Andreas, Hayward-Rodgers Creek, and Calaveras) all decreased in 1906, their ranking in activity level (relative to their respective long-term rates) remained the same. That is, both before 1906 and after 1951, the relative rate on the Calaveras was the highest, and the relative rate on the Hayward fault was the lowest of these three faults.
Although we have assumed the effect of the 1906 earthquake to be the same on all faults, more likely it was heterogeneous. For example, the particularly low rate on the Hayward-Rodgers Creek fault may be due to its proximity to the slip in the 1906 event. Perhaps the particularly high contemporary rate of activity on the Calaveras fault signals that this fault is in an area that has emerged from the 1906 stress-shadow, as suggested by Sykes and Jaumé (1990) and in accord with plate-tectonic loading models proposed by Simpson and Reasenberg (1994) . Alternatively, this pattern could possibly be explained by supposing that WG02 underestimated the long-term rate for the Calaveras fault and overestimated the long-term rate for the Hayward-Rodgers Creek fault. And, of course, this pattern could simply mean that departures in rate on these faults from their long-term levels have persisted throughout the nineteenth and twentieth centuries.
We thus find some, if not conclusive, support in these comparisons for our conjecture that the regional seismic quiescence since 1906 occurred uniformly throughout the region. A common decrease in rate on virtually every fault in the twentieth century, and a common increase during the second half of the nineteenth century (both relative to the respective estimated long-term mean rates) suggest a comparable response of all the characterized faults and background to the 1906 earthquake. Departures from uniform response among the faults and background in the 1951-1998 period may be due to a variety of effects, including aleatory (sampling) error, actual variations in unrelated to the f(t) 1906 earthquake on individual faults and, possibly, errors in the geologically-based long-term rate estimates in WG02.
Discussion
Time-dependent models for earthquake probability in the San Francisco Bay region typically employ three ele- 1850-1905 1951-1998 Figure 8. The mean rates of M Ն 6.7 earthquakes in 1850-1905 (red) and 1951-2000 (blue) on faults, the background and in the region are shown as a ratio relative to their respective long-term rates determined by WGCEP (2002) . That is, the rates have been "faultnormalized," rather than "region-normalized." Tick marks indicate ratio to the long-term rate, error bar represents the ‫1ע‬r range. In the San Francisco Bay region, the rate was approximately 2.2 times the longterm rate before 1906 and approximately 0.4 times the long-term rate after 1951. The rate (relative to the long-term) decreased on each fault individually and in the background. ments: one for modeling the long-term behavior of the faults in the region; one for modeling the quasi-periodic occurrence of characterized earthquakes on isolated, tectonically loaded fault segments; and one for modeling departures from such behavior that result from the interactions among the major faults caused by large earthquakes. Our model combines the second and third elements. We use the timeindependent long-term earthquake model for the SFBR determined by WG02 to describe the long-term rate and magnitude distribution of earthquakes in the region. To this we apply a time-varying factor that is based on regional seismicity. The time-varying part of the model is a proxy for both the periodic behavior of the faults and their interactions, as these are expressed through the historical seismicity. This approach is motivated by a sharp contrast in the regional rate of M Ͼ5.5 earthquakes before and after 1906 and a gradual increase in the rate of small and moderate earthquakes since 1942, relative to long-term mean rates. These observations suggest that, in the absence of a large earthquake in the region, the rate of earthquakes in the region vary only slowly and that a sudden increase in the rate (and probability) of large earthquakes in the near future is unlikely.
The most important historical interaction effect in the SFBR is widely believed to be the stress changes associated with the 1906 earthquake. Elastic-plate models for estimating these stress changes, and simple models for the evolution of the loading of these faults subsequent to such static stress changes, are utilized by WG02 for estimating the effect of the 1906 earthquake on the earthquake probability. These models suggest that the 30-yr probability for M Ն6.7 earthquakes in the region is approximately equal to that which prevailed during the second half of the nineteenth century. This would imply that the earthquake activity in the SFBR will significantly increase in the next 30 yr, relative to the last 50 yr. However, the continuing seismic quiescence in the SFBR after 1906, relative to the long-term rates and the observed nineteenth century activity, suggests that these models may underestimate the geographical extent and duration of the stress relaxation effects of the 1906 earthquake. More extensive effects of the 1906 earthquake can be seen in more complex models of stress transfer based on viscoelastic response of the crust (e.g., Kenner and Segall, 1999; Parsons, 2002) , however these models also fall short of fully explaining the twentieth century activity lull. Informal experiments with rate-state-modeled effects can cause a "seismicity shadow" to persist even after the causative stressshadow is ended, but a reliable model of this sort has not been developed (R. W. Simpson, personal comm., 2002 ). Our empirical model, which is a proxy for physical interaction models using viscoelastic, rate-state-friction or other rheologies, suggests that regional activity will not increase much in the next 30 yr.
We estimated earthquake probabilities for individual faults within the region, based on the assumption that the change in rate for the region is appropriate for every fault in the region. That is, we assumed that the 1906 stress-shadow affected all faults equally. We explored the validity of this assumption and found that the rate changes on all of the individual principal faults in the SFBR are positively correlated with the regional rate change. The correlation was not uniform, however, perhaps because of aleatory error or error in the estimated long-term mean rates in some cases. We cannot rule out the possibility that the effect of the stressshadow is not uniform among the faults, or that some faults (particularly the Calaveras fault) may have emerged from the stress-shadow before others, as has been suggested by previous studies (Sykes and Nishenko, 1984; Simpson and Reasenberg, 1994) as well as by our observations (Fig. 8) . Toppozada et al. (2001) observed that the occurrence of M Ն5.5 shocks was higher in the SFBR in the decades before the 1838, 1868, and 1989 earthquakes and in the decades before 1906. These observations can be explained by assuming a cycle of accelerated moderate-size seismicity before, and suppressed activity after, M ϳ7 and larger earthquakes, whose duration and spatial extent scale with main shock magnitude (Sykes and Jaume, 1990; Jaume and Sykes, 1996) . Our empirical model, which is based on regional activity, is unlikely to be able to identify such smaller-scale patterns. However, we think it likely that the rate (and thus probability) of earthquakes in the SFBR at this time is affected by both a regional stress-shadow effect associated with the 1906 earthquake and more localized, shorter-lived phenomena associated with the Loma Prieta earthquake and, possibly, other similar-size earthquakes yet to occur. To the degree that the 1906 effect prevails, our model is expected to be accurate.
In view of these sources of uncertainty about the interpretation of our de-aggregation calculations, we are more confident of our regional probability model and less confidant of our de-aggregated probabilities for the individual faults. This is not a novel situation and appears to be an intrinsic aspect of regional and fault-specific earthquake probability estimates. In fact, every California Working Group has emphasized the robustness of their earthquake probability estimates aggregated over the region, while acknowledging the larger uncertainties in their probabilities for individual faults. Our estimate of 0.42 for the probability of one or more M Ն6.7 earthquakes in the SFBR in 2002-2031 is lower than the regional probability of 0.5 estimated by WG88, lower than the Poisson probability of 0.6 obtained by WG99, and lower than the P ‫ס‬ 0.67, P ‫ס‬ 0.70 and P ‫ס‬ 0.63 30-yr probabilities estimated by WG90, WG99, and WG02, respectively.
Quite simply, these contrasts are largely the result of differences in (or lack of differences, in the Poisson case) methods for estimating the effect of the 1906 earthquake in the SFBR. The WG02 BPT model for the probability in 2002-2031 (Fig. 6) , which relies on elastic models of stress transfer, predicts activity well above the long-term regional mean rate, approximately at the level observed in the second half of the nineteenth century, and suggests that the region returned to above-average rates in the mid-twentieth century. In contrast, an empirical model suggests that most of the region has yet to return to its long-term mean level of activity.
Throughout this article, we have emphasized that timedependent modeling of earthquake probability is still very much in its infancy, and many important factors that might influence the timing of major earthquakes are at best poorly understood. We have presented an empirical model for the San Francisco Bay region in order to capture a factor (the quieting effect of the 1906 earthquake on the region) that may not be fully accounted for in other models. The empirical model presents no new physics; rather, it serves as a proxy for the yet-to-be-understood physics involved in the interaction of faults. We believe that an appropriate application of this model is one made in conjunction with other models of earthquake occurrence in the region that use a variety of methods for estimating both earthquake recurrence and interaction effects. We advise against using the empirical model (or any other single probability model) alone for estimating the earthquake hazard in the region. Until the physics involved in earthquake occurrence in the SFBR is much better understood, a prudent basis for estimating the earthquake hazard in the SFBR should combine the results of all credible earthquake probability models for the region, as was done in WG02.
Conclusions
• Earthquake activity throughout the SFBR has been lower since the occurrence of the 1906 M 7.8 earthquake than it had been in the half-century before it. The decrease in activity is observed on each of the seven characterized faults in the region and in the background.
• This suppression of activity can be explained as a stressshadow effect associated with the 1906 earthquake. However, currently available analytical models of fault interaction in the SFBR may underestimate this effect.
• We have presented an empirical model based on the relative level and trend of regional seismicity as a proxy for the time dependence of the physical processes governing fault interactions. This model may provide a more accurate estimate of the probability of large earthquakes in the SFBR in the next 30 yr than current analytical models do, at least until the physics underlying fault interactions is better understood. • Our empirical model suggests that the regional rate of M Ն6.7 earthquakes will be slightly higher in the next 30 yr than it was in the past 30 yr, as the regional stressshadow effect continues to erode. With this model, the probability of one or more M Ն6.7 earthquakes occurring in the SFBR in the next 30 yr is lower than estimates obtained by recent Working Groups.
• The 1906 stress-shadow effect may not be homogeneous throughout the region. Furthermore, cycles in moderatesize earthquake activity associated with M ϳ7 earthquakes in the SFBR, like the 1989 M 6.9 Loma Prieta earthquake, may currently affect the earthquake rate on individual faults or in limited areas. Because neither of these effects is specifically accounted for in the empirical model, we are less certain of the fault-by-fault probabilities obtained with the model than we are with the regional probability.
